Epidermal growth factor (EGF) exhibits specific saturable binding to cultured rat inner medullary collecting tubule cells and stimulates inositol trisphosphate (IP3) production by these cells in a dose-dependent fashion. EGF-stimulated IP3 production is enhanced by GTP-ys or AJF4 and is inhibited by GDPBs or pertussis toxin. Alterations in extracellular Ca2" have no effect on either basal or EGF-stimulated IP3 production. Similarly, treatment with EGTA which decreases cytosolic Ca" is without effect. In contrast, treatment with ionomycin which increases cytosolic Ca2" has no effect on basal IP3 production but enhances the response to EGF. Activation of protein kinase C inhibits IP3 production in response to either EGF or AIF4. These studies demonstrate the occurrence of EGF-stimulated phospholipase C activity in the rat inner medullary collecting duct. Stimulation by EGF is transduced by a pertussis toxinsensitive G protein, unaffected by alterations in extracellular Ca2+, insensitive to a decrement in cytosolic Ca`., enhanced by an increase in cytosolic Ca2+, and inhibited by protein kinase C. (J. Clin.
Introduction
Epidermal growth factor (EGF)' is a 53 amino acid peptide with potent mitogenic effects on many cell types (1) . In addition, it has been demonstrated to exert effects apparently unrelated to its mitogenicity such as inhibition of gastric acid secretion and vasodilatation (2, 3) . EGF has been demonstrated to stimulate phospholipase C (PLC) in several cell types, including a hepatocellular carcinoma line (4) and the A43 1 cell (5), a cell line that overexpresses the EGF receptor.
Studies aimed at assessing the ability of EGF to stimulate PLC in renal tissues have heretofore not been rewarding. EGF fails to stimulate PLC in either renal cortical slices (6) or glomerular mesangial cells (7) . Yet it has been shown that EGF, via activation of protein kinase C, modulates the response to vasopressin in both rabbit cortical collecting tubule (8) and cultured rat inner medullary collecting tubule (RIMCT) cells (9) . The present study was therefore undertaken to determine whether EGF is capable of stimulating PLC activity in cultured RIMCT cells and to examine the roles of guanine nucleotides, extra-and intracellular calcium, and protein kinase C in regulating EGF-stimulated phosphoinositide hydrolysis in this tissue.
Methods
Cell culture. RIMCT cells were prepared as previously described (10). However, to ensure that all studies were performed on confluent monolayers of cells, the wells were plated at three times the usual density.
2sI-EGF binding. '25I-EGF (-1,000 Ci/mmol) was purchased from ICN Radiochemicals (Irvine, CA). Studies were performed in PBS at 4VC. Confluent monolayers of RIMCT cells were prepared as previously described. At be sufficient for incorporation into the phospholipid pool. All studies were performed in PBS with the exception of those using guanine nucleotide analogues. As these studies require cell permeabilization, they were performed in a buffer designed to simulate the intracellular milieu (composition in millimoles: 20 NaCl, 100 KCI, 5 Mg sulfate, I NaH2PO4, 25 Na bicarbonate, I EGTA, pH 7.2) containing saponin (50 ,ug/ml pg/,g protein, n = 5, P < .01) has no effect on EGF-stimulated IP3 production (5,615±645 vs. 4,505±610 cpm/well, n = 5, NS). Therefore, EGF stimulates phosphoinositide hydrolysis directly, not via an arachidonic acid metabolite.
Studies on the role ofa guanine nucleotide-binding protein (G protein) . The activity of G proteins is, by definition, subject to modulation by guanine nucleotide analogues. The activity ofG proteins is enhanced by the GTP analogue, GTP-Ys, and is inhibited by the GDP analogue GDP(3s (18) . To assess whether the formation of IP3 is modulated by a G protein, these analogues were used. As shown in Fig. 3 , neither of these compounds affects basal IP3 levels. However, exposure to 10 sM GTP-ys results in marked enhancement of EGF-stimulated IP3 production from 1,667+116 to 3,156±528 cpm per well (P < .05); conversely, exposure to GDP(3s completely prevents EGF stimulation of IP3 production, as the IP3 level is 451 ± 16, which is similar to the control value of 495±35, P = NS.
Aluminum fluoride has been shown to mimic the activity of GTP-ys in several cell systems (19, 20 Figure 3 . Effect of guanine nucleotides on basal and EGF-stimulated IP3 production in saponin-permeabilized cells. ys = 10 AM GTPs; #s = 100 pM GDPfls. The number at the base of each bar is the n for that setting. Basal IP3 levels are not affected by guanine nucleotides.
EGF-stimulated IP3 production is enhanced by ys and inhibited by O3s. Figure 4 . Effect of treatment with pertussis toxin (PT; 100 ng/ml for 16 h) on basal and EGF-stimulated IP3 production (n = 6). PT has no effect on basal IP3 levels but eliminates stimulation by EGF.
advantage of permeating the cell and can therefore be used in intact cells. As shown in Table I , a 1 5-min exposure to aluminum fluoride results in significant enhancement of both basal and EGF-stimulated IP3 formation.
Having established that a G protein is involved in the transduction of EGF receptor-stimulated PLC activity, we sought to determine whether this G protein is pertussis toxin sensitive. We examined the ability of EGF to stimulate IP3 formation in cells that had been treated overnight with pertussis toxin (100 ng/ml), which fully ADP-ribosylates susceptible G proteins (12). While pertussis toxin has no effect on basal IP3 formation as shown in Fig. 4 , it mimics the effect ofGDPis to eliminate stimulation by EGF.
Studies on the role of Ca2". Studies were performed to examine the potential effects of alterations in both extracellular and intracellular Ca2+ on EGF-stimulated PLC activity. The Ca2+ concentration of the PBS routinely used in generating inositol phosphate samples is 0.6 ,uM. To determine whether an elevation in extracellular Ca2+ could alter the effect of EGF, the concentration of the cation was elevated to 1 or 2 mM. As shown in Fig. 5 (Fig. 6) . Studies on the role ofprotein kinase C. Several studies have suggested a role for protein kinase C to modulate the activity of PLC (21-24). To determine whether activation of protein kinase C is involved in the regulation of EGF-stimulated PLC activity in the inner medullary collecting duct, we assessed IP3 production in the absence and presence of the phorbol ester, PMA (1 kLM). As seen in Fig. 7 , a 15-min preincubation with PMA completely eliminates subsequent EGF-stimulated IP3 production; the structurally similar compound 4-a phorbol, which does not activate protein kinase C, has no effect on EGF-stimulated IP3 production. PMA similarly inhibits AIF4-stimulated IP3 production (6,522±525 vs. 894±297 cpm/well, n = 5, P < 0.001), suggesting a postreceptor site of inhibition. Figure 6 . Effect of alterations in cytosolic Ca2l on EGF-stimulated IP3 production (n = 5). Decreasing cytosolic Ca2" has no effect but increasing it potentiates the response to EGF.
To further establish a role for protein kinase C in the modulation of EGF-stimulated PLC activity, we examined the ability of relatively selective protein kinase inhibitors to prevent PMA-induced inhibition of EGF-stimulated IP3 production. H7 is a relatively specific inhibitor of protein kinase C; H8 is a relatively specific inhibitor of cyclic nucleotide-dependent protein kinases (13). As seen in Fig. 8 , treatment with H7 for 20 min before exposure to EGF has no effect on EGF-stimulated IP3 production; yet, exposure to H7 for 5 min before and during the incubation with PMA completely prevents PMAinduced inhibition of the EGF signal. In contrast, exposure to H8, which also has no effect by itself, does not prevent subsequent inhibition by PMA.
Discussion
EGF is known to stimulate phosphoinositide hydrolysis in several tissues (4, 5) . However, studies in renal tissues have failed to detect EGF-stimulated PLC activity in either glomerular mesangial cells (7) or rat cortical slices (6 Figure 7 . Effect of phorbol esters on EGF-stimulated IP3 production.
The number at the base of each bar is the n for that setting. PMA (1 AM) activates protein kinase C and inhibits IP3 production; 4-a phorbol (1 AM), a structurally similar compound that does not activate protein kinase C, has no effect. protein kinase C (8), the ability of EGF to promote phosphoinositide hydrolysis in the collecting duct has not been directly examined. The studies described herein are the first to clearly demonstrate EGF-stimulated phosphoinositide hydrolysis in cultured RIMCT cells. An IP3 signal is first detectable at an EGF concentration of 10 nM and increases thereafter. The dose response is the same whether purified murine or recombinant human EGF is used.
As seen in Fig. 1 , maximal displacement of 251I-EGF from its receptor requires 100 nM unlabeled EGF. The calculated Kd of 18.7 nM is similar to that of the low affinity binding site reported in several tissues (25) (26) (27) , including a preliminary report in the rat renal papillary collecting duct (28) . The further increase in IP3 production at concentrations of EGF significantly higher than the Kd may reflect the fact that equilibrium binding is not achieved during the very short exposure time (10 s) used in this study. The time course of EGF-stimulated IP3 production (Fig. 2 B) is extremely rapid, with IP3 production peaking within 10 s and falling swiftly thereafter, returning to a level indistinguishable from baseline at 2 min.
Recent studies from this laboratory have demonstrated that EGF-stimulated phospholipase A2 activity is transduced by a guanine nucleotide-binding regulatory (G) protein (12). The present experiments reveal that a G protein is also involved in the transduction of receptor-stimulated phospholipase C activity. This is demonstrated by the observation that EGF-stimulated PLC activity in RIMCT cells is enhanced by GTPzys (Fig. 3) or AlF- (Table I) and is inhibited by GDP/3s (Fig. 3) . It should be noted that while GTPys has no effect on basal IP3 production, AlF-does. This probably reflects the fact that fluoroaluminates are capable of complexing with the GDP bound form of G proteins, whereas binding of GTPys requires release of the previously bound GDP; this release occurs only upon receptor activation (29 protein described herein is pertussis toxin sensitive (Fig. 4) . As pertussis toxin ADP-ribosylates only a single 41 -kD protein in plasma membranes prepared from RIMCT cells (12), the Ga subunit responsible for transducing EGF-stimulated phosphoinositide hydrolysis is presumed to be an ac similar (or identical) to those previously described (18) . Although PLC is generally recognized as a Ca2+-stimulatable enzyme (35), it exhibits a broad range of Ca2+ sensitivities in varying tissues. The role of Ca2+ in PLC activity in renal cells has not been previously investigated. In cultured RIMCT cells both basal and EGF-stimulated PLC activity are insensitive to alterations in extracellular Ca2' ranging from 600 nM to 2 mM (Fig. 5) . Similarly, chelation of extracellular Ca2+ with a resulting fall in cytosolic Ca2+ (10) has no effect on either basal or EGF-stimulated IP3 levels. In fact, stimulation of IP3 production by EGF in saponin-permeabilized cells (Fig.  3) when ambient Ca2+ is only 10 nM (12) suggests that PLC has no absolute requirement for Ca2". The occurrence of significant phosphoinositide hydrolysis in the presence of exceedingly low Ca2+ suggests that renal inner medullary PLC resembles the type I form of brain and liver (36) . Increasing cytosolic Ca2' by exposure to ionomycin has no effect on basal IP3 levels but potentiates the response to EGF. This contrasts with the observations of Wahl et al. (5) in A43 
